A recent study of lamp spectrum effects at mesopic levels employed side-by-side matching to investigate brightness. The results revealed an unexpected effect, identified here as a response contraction bias, normally only expected when judging individual stimuli. Response contraction bias causes subjective responses to be biased toward the middle of a response range. Although the bias is small its effect on brightness matching can be significant if the test procedure does not employ appropriate counterbalancing.
Introduction
A recent review of street lighting for pedestrians concluded that further investigation was required of the effect of light source spectral power distribution (SPD) on brightness at mesopic conditions. 1 Experimental work has been carried out to fill this gap. 2, 3 Three different techniques were used for comparing the brightness of lighting from different types of light source: Semantic rating, applied to lighting of a single SPD in a large room, allowing time for chromatic adaptation. Brightness ranking, applied to lighting of different SPD and illuminance presented simultaneously in side-by-side booths. Brightness matching, applied to lighting of different SPD presented simultaneously in side-by-side booths. This paper discusses an unexpected bias found in the side-by-side brightness matching tests and the implications for the design of further experimental work.
Brightness Matching
Side-by-side matching is a technique that has been frequently employed to compare lighting of different qualities. [4] [5] [6] Two stimuli are presented in juxtaposed spaces, these spaces ranging from small bipartite fields, 7 to sideby-side booths, 4 to adjacent symmetrical rooms. 8 The test participant observes both stimuli simultaneously, typically using binocular vision and natural pupils. One of the two stimuli is set by the experimenter to a reference illuminance. The participant adjusts the illuminance of the second stimulus until the two appear equal, as near as is possible, according to the prescribed visual objective. Previous studies have used objectives including equal brightness, equal visual clarity and equal appearance, but recent work found that in side-by-side matching the precise visual objective given to the test participants does not significantly affect the mean illuminance ratio. 9 At the visually matched condition the illuminances of the two stimuli are recorded, the illuminance ratio is established, and the mean illuminance ratio from a sample of participants is tested for departure from unity. In the current work three different reference illuminances were used to determine whether this affected the mean illuminance ratio.
The current study used the side-by-side booths shown in Figure 1 and the light sources described in Table 1 . The viewing chamber of each booth is of dimensions 575 mm deep Â 680 mm wide Â 660 mm high, which presents a visual field of 388 wide by 378 high from the seated viewing distance of 1.0 m in front of the partition. The interior surfaces were painted matt grey (Munsell N5) and each contained identical coloured objects, these being four 60 mm high pyramids constructed one each from red, green, blue and yellow cardboard. In tests, participants were instructed to examine the whole environment and not concentrate on any one particular item.
The lamps were fitted behind the rear wall of the booths and hence could not be seen directly. Light was directed into each booth using an internally reflective pipe feeding an integrating box above the viewing chamber. An iris damper was installed in this pipe to permit mechanical dimming. Spot luminances were measured at 14 points inside the booths to compare the spatial distribution of luminance. With an identical lamp (CFL) and illuminance (7.5 lux) in both booths, the mean ratio of the luminances of the 14 corresponding points was 0.997 (std dev ¼ 0.016, maximum ratio ¼ 1.026). Consider the luminances measured with one booth set by the mechanical dimming to 7.5 lux and the other to 5.0 lux, a dimming ratio considerably greater than that suggested by the mean null condition results for equal brightness. With an identical lamp (HPS) in both booths, the standard deviation of the ratios of the 14 corresponding luminance measurements is 0.0047 (mean ¼ 0.663), which suggests negligible differences in luminance distribution at different levels of dimming. Thus it is considered that differences in spatial distribution between different lighting conditions have negligible effect on the brightness matching results.
The aim of the study was to compare the brightness of lighting from a high pressure sodium lamp (HPS) against lighting from lamps of poorer efficacy but higher colour rendering index, as this trade-off is now available for lighting subsidiary streets. 10 These lamps, two types of metal halide (MH1 and MH2) and a compact fluorescent (CFL) were thus individually compared against the HPS. In the following discussion, the CFL, MH1 and MH2 lamps are collectively referred to as the white lamps.
One booth was presented at one of three reference illuminances, and the illuminance of the second booth was adjusted by the participant until the two booths appeared, as near as possible, equally bright. At each lamp combination and illuminance condition, each participant provided four matches, counterbalancing both initial illuminance of the comparator (set by the experimenter to be clearly higher or lower than the reference) and application of the dimming control to both sources. The lamps were placed within the left-hand and right-hand booths for an equal number of trials to counterbalance any bias between the booths.
When the HPS lamp was used as the reference, the three reference illuminances were 2.0 lux, 7.5 lux and 15 lux, these being the bottom, middle and top of the S-series specification for lighting in subsidiary streets. 11 However, when the white lamps were used as the reference, the three reference illuminances used were 1.4 lux, 5.0 lux and 10.0 lux, this being an illuminance one class of the S-series lower than when the HPS provided the reference. This is the trade-off between colour rendering and illuminance permitted for lighting in subsidiary streets 10 and, assuming this renders equal brightness, the brightness matches would be made with the visual system at approximately the same adaptation level regardless of whether the HPS or white lamps were used as reference source. In the following discussion, the three reference illuminances are referred to as 2.0 lux, 7.5 lux and 15.0 lux irrespective of whether the HPS or white lamps were used as reference. Illuminances are horizontal illuminances measured at the centre of the floor of the booths using a pair of Konica-Minolta T-10 meters which were calibrated by the manufacturer prior to use. Twenty-one colour-normal participants were used, having ages in the range 18-54, three being in the range 45-54 years old, with an approximate mean of 31 years, and 14 were female. Prior to the commencement of tests the participants were dark adapted for 20 min. The results are shown in Table 2 . These data show that on average, for equal brightness, the white lamps were set to a lower illuminance than the HPS. The data were confirmed as being drawn from a normally distributed population using several graphical and statistical tests of normality (histogram, boxplot, skewness, kurtosis, Kolmogorov-Smirnov test and Shapiro-Wilks test). According to the one-sample t-test these mean illuminance ratios are significantly lower than unity (p50.01), which suggests that lamp SPD does affect the illuminance needed for equal brightness.
Null Condition Tests
Null-condition brightness matching tests were carried out to allow identification of any bias in the experimental apparatus and procedure. This was done using the same procedure as the main body of tests but using HPS lamps in the two booths. Eighteen colour-normal participants were used, these being in the age range of 18-54 years, although only one participant was aged above 44 years, and 13 were female.
At each of three reference illuminances (2.0 lux, 7.5 lux and 15.0 lux) each participant made eight brightness matches. This was done to counterbalance allocation of the adjusted lamp between the left-hand and right-hand booths; setting the adjusted lamp to an initial illuminance higher or lower than the reference illuminance; and which of the two identical lamps was nominated to be the test or reference lamp. 'Test' refers to the booth to which dimming was applied by the participant and 'reference' refers to the booth which was set by the experimenter to one of the three reference illuminances. Table 3 shows the results of the null condition tests as the illuminance ratio of the left-hand booth to right-hand booth at the equally bright condition. A mean illuminance ratio of unity would confirm that there is no unintended experimental bias. The departure from unity was analysed using the one sample t-test after the data were confirmed as being drawn from a normally distributed population as described above. At all three illuminances the t-test indicates there is no significant departure from unity, suggesting negligible bias between the left-hand and right-hand booths. Table 4 presents the null-condition results according to whether the lighting was from the booth regulated by the participant or from the fixed reference. There are small but significant departures from unity. At 2.0 lux the illuminance ratio is significantly higher than unity (p50.01, one-sample t-test), but at 15.0 lux the illuminance ratio is significantly lower than unity (p50.01). At 7.5 lux the illuminance ratio is not significantly different to unity. The departure from unity and the change of illuminance ratio with illuminance are unexpected since the two stimuli are of identical SPD. A similar pattern can be seen in previous null condition data. 12 A brightness matching technique was used to compare lighting of identical SPD but different spatial distribution at three different reference illuminances, 300 lux, 500 lux and 700 lux. In the null condition, rooms of identical SPD and spatial distribution were matched, which is the same stimulus condition and task as the null condition of the current study. This null condition data shows that at the lower illuminance (300 lux) the mean illuminance of the adjusted lighting was higher than the reference, although not significantly so, 13 whereas at the higher reference illuminances (500 lux and 700 lux) the mean illuminances of the adjusted lighting were significantly lower than the reference (p50.01). 13 The effect may also be present in other brightness matching studies 4,8 but the published results do not enable it to be identified.
Response Contraction Bias
The results of the main brightness matching study (Table 2 ) are broken down in Table 5 according to application of the dimming control to either the HPS lamp or to the white lamps. These data show the same pattern as do the null condition data in Table 4 . At the lower reference illuminance (2.0 lux) the booth to which dimming is applied was set to a higher than average illuminance, whereas at the higher reference illuminances (7.5 lux and 15.0 lux) the booth to which dimming is applied was set to a lower than average illuminance. This trend is consistent for all three lamp combinations. The two-sample t-test (twotailed) suggests these differences are significant (p50.05) at 2.0 lux and 15.0 lux but not at 7.5 lux. Note that for the MH2/HPS lamp combination at 2.0 lux the difference in mean illuminance ratios is significant (p50.05) for a one-tailed test but not for a two-tailed test. These data suggest a response contraction bias, although this is only normally expected when judging an individual stimulus. 14 Consider judgements of the brightness of a series of stimuli, each stimulus being identical other than luminance, and these are observed individually without the presence of a reference stimulus. A response contraction bias causes the brightness of low luminance stimuli to be overestimated, as shown in Figure 2 , and the brightness of high luminance stimuli to be underestimated. The brightness estimates hence converge toward the centre of the particular range used in those tests. Such a bias was not expected in side-by-side matching tests, where brightness judgements are made against a simultaneous reference source, but, nevertheless, it is apparent in the current results. This can be explained as follows. In the side-by-side matching task the observer has a primary reference -a simultaneous stimulus. Where a number of different reference illuminances are used, the range appears to become apparent to the observer, as does the approximate centre of the range of responses, and this becomes a secondary reference toward which responses are biased. In the current brightness matching tests there were three reference illuminances (2.0 lux, 7.5 lux and 15.0 lux) and these were presented in a random order to participants, who made several matches to each reference illuminance (four in the main tests; eight in the null condition tests). The null condition data (Table 4 ) identify the mean effect of this bias, and this can be applied to the main data as a correction factor. For tests carried out at 2.0 lux, the response contraction bias suggests matching illuminances are biased toward a higher level. Illuminances of the booth adjusted by the participant were thus divided by the null condition ratio of 1.05. For tests carried out at 15.0 lux, the response contraction bias suggests matching illuminances are biased toward a lower level. Illuminances of the booth adjusted by the participant were thus divided by the null condition ratio of 0.97. A correction was not applied to data for tests carried out at 7.5 lux.
The results of applying these corrections are shown in Table 6 . Firstly consider the data broken down according to whether dimming was applied to the HPS lamp or white lamps. There are now only two pairs of illuminance ratios that are significantly different (CFL/HPS and MH2/HPS, both at 15.0 lux), reduced from six before application of this correction ( Table 5 ). The correction factors used here are based on only a small number of tests and further work would be needed to confirm them. A correction factor of 0.92 would be needed at 15.0 lux to completely eliminate differences. Secondly, consider the overall mean illuminance ratios as corrected for a response contraction bias. These differ only very slightly from the uncorrected mean illuminance ratios ( Table 2 ) which demonstrates that the bias had been successfully counterbalanced.
A previous analysis of null condition data concluded that participants have a tendency to set the adjusted stimulus to an illuminance slightly lower than the average, again a small but significant bias. 13 This effect was recently found again in further data 9 where several visual matches were made but at only one reference illuminance. It appears that when a visual match is made to several different reference illuminances then a response contraction bias is expected, but if there is only one reference illuminance then the adjusted stimulus will be set to a lower than expected illuminance. Further work is needed to investigate the persistence, magnitude and interaction of these two effects. Evidence for response contraction bias 165
Conclusions
A significant and unexpected bias noted in the results of side-by-side brightness matching tests is suggested to be a response contraction bias. In the current study it is concluded that the bias does not significantly affect the main results. This is because the bias is small (maximum mean illuminance ratio in nullcondition tests is 1.05) compared to the main results (minimum white/HPS mean illuminance ratio ¼ 0.741) and the application of dimming control was counterbalanced to both the HPS and the white lamps. Furthermore, the data are supported by the results of side-by-side brightness ranking tests which also found that booths lit by the white lamps and HPS lamps are equally bright at an illuminance ratio of approximately 0.7. The implications for further work are a reminder of the need to counterbalance the application of dimming to both stimuli in side-by-side matching tests: this has not always been done in previous studies. In the current work the response contraction bias is suggested to have only a small effect, but further work should include null-condition testing to quantify the extent of bias given the specific conditions and procedures being used. This article exemplifies the importance of employing rigorous experimental controls. The authors were able to examine a detail that is normally ignored because of their counterbalanced design and null-condition testing. Similar precautions should be taken in all experiments involving human subjects because such measures allow for a more thorough analysis of the variance in the data and a more complete understanding of the main effects.
Comparison of the raw illuminance ratios in Table 2 to the corrected illuminance ratios in Table 6 indicates that the maximum correction for a response contraction bias across the nine conditions was 0.003 (i.e. MH2/HPS at 15 lx). The mean standard deviation (SD) of the illuminance ratios in Table 2 is 0.168. The magnitudes of the SDs imply variance in the raw data that is typical of experiments involving human subjects. The small corrections do not appear to be substantive when considered in the context of the standard deviations. That said, just because the response contraction bias was not substantive in this case does not mean that it will not be substantive in other situations. Please comment on the experimental circumstances where you believe it would be especially important to examine this potential bias.
Comment 2 on 'Evidence for Response Contraction
Bias in Side-by-side Matching Tests' by SA Fotios and C Cheal J Schanda (Department of Image Processing and NeuroComputing, University of Pannonia, Egyetem u 10, Veszpre´m, 8200, HUNGARY)
The authors found a small, but non-negligible visual effect, when side-by-side brightness matching is made. An interesting psychological effect was found, a response contraction bias, reported only up to now when individual stimuli are being judged. Although the magnitude of this effect is only a few percent, the authors were able to show its existence very clearly, and this should be taken into consideration in future experiments.
Although the message of the present article is to draw the attention to this small experimental psychological effect, the authors found it in comparing the brightness of high pressure sodium lamps with that of several other lamp types (CLF and two types of high pressure metal halide lamps), thus one would be interested to know that with such fine subjective investigations whether the authors were able to distinguish between different models of mesopic photometry. There are two main classes of mesopic photometry, based on brightness evaluation (see eg, Sagawa [1] ) and on performance [2, 3] . If the spectral power distribution of the four lamp types used is known, the data could be substituted into the different mesopic models, and -with the very precise visual techniques the authors used -even small differences between the models could be evaluated.
